Greenhouse experiments were conducted to compare stress effects caused by Verticillium dahliae and drought on gas exchange, chlorophyll (Chl) fluorescence and photosynthetic pigments of pepper plants. Three treatments were compared: Verticillium inoculated plants (+ V), non-inoculated well-watered plants ( À V) and non-inoculated plants subjected to progressive drought (D). Gas exchange, fluorescence and photosynthetic pigments were measured and represented along a gradient of relative water content (RWC) and stomatal conductance (g s ). Net photosynthesis (A) and electron transport rate (ETR) decreased, as RWC and g s declined, similarly in both +V and D plants. However, dark respiration (R D ) and photorespiration (R L ) tended to increase in inoculated plants compared to those subjected to soil drought, as g s decreased. Photoinhibitory damage was not observed in infected or in droughted plants. Soil drought decreased intrinsic PSII efficiency (F exc. ), which seemed to result in part from enhanced xanthophyll cycle-and/or lutein-related thermal energy dissipation. Nevertheless, the fact that 1 À F exc. increased in D only at high values of the de-epoxidation state of the xanthophyll cycle (DPS) suggests that DpH could be the major factor controlling thermal energy dissipation in this treatment. By contrast, antheraxanthin, zeaxanthin and lutein, as well as F exc. , were not markedly affected in +V. Water stress appeared to be the main limitation to photosynthesis in Verticillium infected plants, probably through stomatal closure, together with impaired mesophyll conductance (g m ). However, our results indicate differential effects of V. dahliae on dark respiration, photorespiration, g m and on the capability of thermal energy dissipation under low g s values.
Introduction
Verticillium dahliae is a soil borne plant pathogen that causes vascular wilt in over 160 agronomically important plant species worldwide. Verticillium wilt causes severe economic losses in many crops, including vegetables, fruits, flowers, oilseed crops, fiber crops and woody perennials (Fradin and Thomma, 2006) . In Navarra, Northern Spain, wilt is one of the most common diseases that affects pepper (Capsicum annuum L. cv. Piquillo), and it drastically reduces fruit quantity and quality (Goicoechea et al., 2001 ). This disease is managed with a combination of crop rotation, chemical and biological methods, but the results obtained are not totally satisfactory (Garmendia et al., 2004; Pomar et al., 2004; Goicoechea, 2009) .
V. dahliae penetrates the host through wounded roots and spreads systemically through the xylem. The fungus colonizes the xylem elements by means of mycelium and conidia. The growth and activity of the fungus in the vascular tissue, including the occlusion of xylem vessels by tyloses and vessel-coating materials (Robb et al., 1991) , increase resistance to water flow within the plant, resulting in water deficit in host plant (Adams et al., 1987) . V. dahliae causes stunning, wilting, chlorosis, epinasty, foliar dessication and premature defoliation, symptoms that are similar to those caused by water stress of abiotic origin (Pennypacker et al., 1990 and references therein; Goicoechea et al., 2000) . Since water content in plant tissues decreases during Verticillium wilt, it can be assumed that fungus-induced changes in the photosynthetic apparatus are similar to those induced by dehydration. Bowden et al. (1990) and Sadras et al. (2000) reported that the growth and activity of V. dahliae may trigger physiological responses in the plant that resemble those commonly caused by drought (reductions in leaf photosynthesis, transpiration and leaf longevity). However, the extent to which water stress explains disease symptomology remains controversial (Bowden et al., 1990; Lorenzini et al., 1997) . In fact, the mechanistic basis of disease-induced inhibition of photosynthesis in Verticillium wilted plants remains unclear to date.
Decreases in leaf photosynthetic rate of plants infected with vascular pathogens, in general, and Verticillium in particular, have been attributed to different mechanisms. On the one hand, several authors have proposed that water stress induced by Verticillium infection is a crucial factor to explain the impaired leaf photosynthesis in diseased plants (Bowden et al., 1990; Haverkort et al., 1990; Bowden and Rouse, 1991; Lorenzini et al., 1997; Saeed et al., 1999) . In most of these studies, the reduction in net photosynthesis was attributed to stomatal closure, which reduces the concentration of CO 2 within leaves. By contrast, other authors have suggested that the presence of toxins, ethylene, and/or hormones, produced or elicited by the pathogen, may induce stomatal closure (Tzeng and DeVay, 1985; Aguirreolea et al., 1995) and/or damage of the leaf photosynthetic apparatus, by altering membrane integrity and disrupting electron transport (Mathre, 1968; Hampton et al., 1990; Lorenzini et al., 1997) . Furthermore, the disruption in metabolic pathways of photosynthesis, such as a reduction in the amount and activity of Rubisco, as well as decreases in the capacity to regenerate the RuBP or to use adenosine triphosphate (ATP) have also been described as part of the mechanisms involved in the impaired CO 2 assimilation of plants infected with Verticillium (Mathre, 1968; Farquhar and Sharkey, 1982; Pennypacker et al., 1990) . Nevertheless, these studies have not differentiated whether these mechanisms were elicited by disease induced-water stress or by one or more of the other pathogenic factors mentioned above.
Knowledge of key physiological processes in plants, such as carbon fixation, and the ways they are affected by Verticillium may help us to understand the complex interaction between Capsicum annuum and this vascular pathogen. However, few studies have considered the separate effects of soil and disease-imposed water stress on plants in order to elucidate the mechanisms by which V. dahliae affects leaf photosynthetic activity. Furthermore, one of the most important photoprotective dissipation processes of plants under stress conditions is associated with the functioning of the xanthophyll cycle (de-epoxidation of violaxanthin into antheraxanthin and zeaxanthin) (Demmig-Adams et al., 1996; Morales et al., 2006) . Nevertheless, the characterization of the xanthophyll cycle in plants infected by vascular pathogens in general, and Verticillium in particular, has received little attention. The present work was undertaken to study the mechanisms involved in the impaired CO 2 assimilation of pepper plants infected with V. dahliae, by comparing the effects caused by either the fungus infection or an imposed soil water deficit on gas exchange, chlorophyll fluorescence and xanthophyll cycle pigments.
Material and methods

Plant material and experimental design
A greenhouse experiment was performed with pepper plants (Capsicum annuum L. cv Piquillo), growing in 2 L pots filled with a mixture of peat-based commercial container medium, perlite and sand (4:1:1, v/v/v), as described by Pascual et al. (2009) (Hoagland, 1937) . For more details, see Pascual et al. (2009) . In order to compare the effects of Verticillium-induced wilt with those induced by soil drought, a parallel experiment was carried out in the same greenhouse and under identical conditions (same temperature and light conditions). Non-inoculated pepper plants (7 plants) were grown up to the pre-flowering stage in 2 L pots with the same substrate and irrigated daily with half strength nutritive Hoagland's solution. Then, plants were subjected to progressive drought by withholding irrigation over the course of 8 days.
In both experiments, leaf gas exchange, modulated chlorophyll (Chl) fluorescence, photosynthetic pigment concentrations and relative water content (RWC) were determined at the preflowering stage (9 week-old plants) in the youngest fully expanded leaves (3rd or 4th node from the top). For plants inoculated with the pathogen ( +V), a continuous gradient of water stress induced by the fungus was attained due to the different disease severity found between plants. Disease severity of + V plants, estimated as the number of symptomatic leaves related to the total number of leaves per plant (Goicoechea et al., 2001) , ranged from 0.09 (denoting absence of severity) to 1 (all the leaves showed symptoms) at the moment of measurement. In those plants subjected to progressive drought (D), the measurements were performed daily during the drought period in order to sample over a gradient of water deficit, yielding a total of 56 measuring points.
Water status
The degree of water stress was assessed by measuring predawn relative water content (RWC) according to Wheatherley (1950) , and by following the mid-morning light-saturated g s value .
Gas exchange and chlorophyll fluorescence
One day prior to measurements, the plants were transferred to a controlled environmental chamber with a day/night regime of 25/15 1C, 60/80% relative humidity and 310 mmol photons m À 2 s À 1 PAR with a photoperiod of 14 h. Gas exchange and chlorophyll fluorescence measurements were conducted using a portable photosynthesis system (GFS-3000, Walz) with a 3 cm 2 cuvette. Dark respiration (R D ) measurements were performed 3 h before the beginning of the light period, with the CO 2 concentration set at 350 ppm, the temperature in the measurement chamber at 25 1C, and 60% relative humidity. Gas exchange characteristics in illuminated leaves were measured 3 h after the beginning of the light period, under a photon flux density of 1600 mmol photons m À 2 s À 1 , 350 ppm CO 2 , 25 1C, and 60% relative humidity. Dark respiration, net photosynthesis (A), stomatal conductance (g s ) and sub-stomatal CO 2 concentration (Ci) were calculated according to von Caemmerer and Farquhar (1981) . Chl fluorescence was measured immediately after gas exchange measurements (in the dark and in the light) with a fluorescence module (PAM-fluorometer 3055-FL, Walz) attached to the photosynthesis equipment. The minimal and maximal fluorescence (F o and F m , respectively) were measured in dark-adapted leaves, whereas F o ' and F m ' were measured at mid-morning in the same leaves, with a photon flux density of 1600 mmol m
, also measuring steady-state fluorescence signal (F s ). The maximum potential PSII efficiency was calculated as F v /F m , where F v is F m ÀF o (Morales et al., 1991; Abadía et al., 1999) . Intrinsic PSII efficiency (F exc. ) was calculated as
The electron transport rate (ETR) was calculated according to Krall and Edwards (1992) 
, PPFD is the photosynthetic photon flux density incident on the leaf, a (0.5) the factor that assumes equal distribution of energy between the two photosystems and b is the leaf absorptance. Leaf absorptance was assumed to be 0.84 (Björkman and Demmig, 1987) regardless of the treatment assayed, based on the constancy of the Chl content. Photorespiration (R L ) was estimated at 1/12(ETR-4 Â (P n + R D )), according to Valentini et al. (1995) .
Photosynthetic pigments
Leaf disks were harvested immediately after gas exchange and Chl fluorescence measurements, cut with a calibrated cork borer, wrapped in aluminum foil, immediately plunged into liquid-N 2 and stored at À 80 1C. Leaf photosynthetic pigments were extracted with 100% acetone in the presence of Na ascorbate, filtered through a 0.45-mm filter and quantified by HPLC (Larbi et al., 2004) . Two steps were used: mobile phase A (acetonitrile: methanol, 7:1, v/v) was pumped for 3.5 min, and then mobile phase B (acetonitrile:methanol:water:ethyl acetate, 7:0.96:0.04:8 by volume) was pumped for 4.5 min. To both solvents, 0.7% (volume) of the modified triethylamine (TEA) was added to improve pigment stability during separation (Hill and Kind, 1993) .
Results Fig. 1 shows the relationships between dark respiration (R D ), photorespiration (R L ), net photosynthesis (A) and sub-stomatal CO 2 concentration (Ci) and relative water content (RWC) and stomatal conductance (g s ). In general, R D and R L maintained high values in both Verticillium-inoculated plants and plants subjected to progressive drought, along the whole gradient of RWC and g s (Fig. 1a-d) . However, whereas R D decreased linearly with g s in droughted plants, it tended to increase in those inoculated with the pathogen (Fig. 1b) . In the case of photorespiration, + V plants showed R L values clearly higher than those of D plants at similar stomatal conductance (Fig. 1d) . When plotted against RWC, net photosynthesis decreased sharply at high values of RWC (80-90%) in both + V and D plants (Fig. 1e) . Clearly, the correlation between A and RWC presented a very large scattering in this range of RWC, revealing that plants with similar water content had quite different photosynthetic rates. However, when plotted as a function of g s , A decreased continuously along the whole gradient of stomatal conductance, and a logarithmic correlation between both parameters was found (r 2 = 0.77 for Verticillium, +V and -V, and 0.88 for drought) (Fig. 1f ). As g s decreased from 250 to 40 mmol H 2 O m À 2 s À 1 , Ci decreased slightly (Fig. 1h) . However, when g s declined further, the declining tendency of Ci disappeared, and values increased steeply. Fig. 2 shows the electron transport rate (ETR) and the ratios ETR/A, ETR/A+R D and ETR/A +R D + R L with varying RWC and g s . ETR decreased as RWC and g s decreased in both D and + V treatments (Fig. 2a, b) . However, the decline in ETR was not as great as that measured for net photosynthesis. Consequently, the ratio ETR/A increased exponentially as g s decreased, reaching very high values (up to 700) (Fig. 2d) . ETR/A+ R D showed a similar variation with respect to g s , reaching only slightly lower values (up to 500) (Fig. 2f) . By contrast, ETR/A+ R D +R L remained almost constant along the gradient of water stress, showing only a slight increase as RWC and g s decreased (Fig. 2g, h) .
The maximum potential PSII efficiency (F v /F m ) of both + V and D plants maintained high values along the gradient of RWC and g s , decreasing only slightly below RWC of 50% and g s of 20 mmol H 2 O m À 2 s À 1 (Fig. 3a, b) . Soil water deficit led to a decrease in the intrinsic PSII efficiency (F exc. ) in D plants as RWC and g s declined, whereas F exc. remained constant in +V plants (Fig. 3c, d ).
The total Chl (a +b) concentration remained constant along the water status gradient in + V and D treatments (Fig. 4a, b) . Lutein concentration increased in drought-stressed plants (up to 25%) as RWC and g s decreased, whereas no change was observed in Verticillium-infected leaves (Fig. 4c, d ). The molar ratio of violaxanthin, antheraxanthin and zeaxanthin (VAZ) pigments to Chl and the de-epoxidation state (DPS) of the xanthophyll cycle are shown in Fig. 5 . The changes in xanthophyll pigments were more pronounced in droughted plants compared to those inoculated with the pathogen. Plants subjected to progressive drought increased the molar ratio of VAZ pigments to Chl (up to 64%), as RWC and g s decreased (Fig. 5a, b) . On the contrary, no changes were observed in the size of the xanthophyll cycle pool in Verticillium wilted plants. Analyzing the levels of each pigment, violaxanthin (V) concentration decreased and the sum of antheraxanthin and zeaxanthin (A + Z) increased along the water stress gradient, in drought-stressed plants (Fig. 5c-f) . As a result, DPS clearly increased in this treatment (Fig. 5g, h ). By contrast, the concentrations of V and, especially, Z +A were not markedly affected in Verticillium wilted plants. The relationship between DPS and thermal dissipation capability, expressed as 1 À F exc. , is represented in Fig. 6 . Plants subjected to soil water deficit exhibited an increase in their thermal dissipation capability at high values of DPS. By contrast, 1À F exc. did not change in infected plants, although DPS had increased in such plants.
Discussion
In the present study, relative water content (RWC) and stomatal conductance (g s ) were used as reference parameters to reflect water stress intensity caused by both V. dahliae and soil water deficit, and their effects on the plant photosynthetic apparatus. Gas exchange parameters such as A and Ci were more strongly correlated with stomatal conductance than with water status (RWC) itself (Fig. 1) as previously reported by Flexas and Medrano (2002a, b) , Flexas et al. (2002) and Medrano et al. (2002) . It must be noted that, although all the measurements were performed at the pre-flowering stage, some of the non-inoculated well-irrigated plants ( ÀV) were close to swell floral buds. Such a phenological difference between plants may explain the great variability of some photosynthetic parameters, such as A and g s , in the treatment À V. Flowering-associated decreases in A and g s have been observed in Prunus avium L. (Roper et al., 1988) and, more recently, in Mangifera indica L. (Urban et al., 2004 (Urban et al., , 2008 . Comparing the response of gas exchange and Chl fluorescence parameters (A, Ci, ETR and F v /F m ) to Verticillium infection and soil drought, it must be noted that, in general, the effect of the fungus was mimicked by soil water deficit (Figs. 1-3) . Such a result supports the notion of the physical blockage hypothesis concerning the effect of vascular plant pathogens on leaf photosynthesis (Nogué s et al., 2002) . Most wilt pathogens increase the resistance to water movement along the stem, as a consequence of reduced diameter of the conductive elements by the physical presence of the pathogen itself, their metabolites, or by inducing the formation of gummy substances and tyloses (Aguirreolea et al., 1995; Aguirreolea, 2004) . Such vessel occlusion has been proposed as the primary cause of water stress in Verticillium wilted plants (Street and Cooper, 1984) . In the present study, decreases in stomatal conductance were paralleled by a decline in A and a progressive decline in Ci (Fig. 1e-h ). These results suggest that, in order to avoid water losses, diseased plants closed their stomata, thus maintaining a favorable water status (RWC values 80-95%, see Fig. 1e ), which limited CO 2 supply to the chloroplast. Our results agree with previous studies which demonstrated that, following infection with V. dahliae, photosynthesis of potato and pepper was reduced early as a result of stomatal closure caused by drought stress in leaves (Bowden et al., 1990; Haverkort et al., 1990; Bowden and Rouse, 1991; Saeed et al., 1997 Saeed et al., , 1999 Goicoechea et al., 2001) . By contrast, some authors have reported that other pathogenic mechanisms, apart from water stress, can play a significant role in either decreased photosynthesis or stomatal closure. Accelerated senescence, presumably caused by hormonal changes (Tzeng and DeVay 1985) , and a possible involvement of toxins (Hampton et al., 1990) and ethylene (Aguirreolea et al., 1995) , induced or synthesized by the pathogen are some of the proposed mechanisms. However, we can hypothesize that if the impaired CO 2 assimilation of infected plants was caused by mechanisms other than water stress, a differential response of the photosynthetic parameters (A, Ci and ETR) to Verticillium infection compared to drought would be expected. Therefore, our data do not support mechanisms other than those related to water stress and stomatal closure until very severe water deficit was reached (see below).
Despite the similar photosynthetic response of plants to the fungus infection and soil drought, some interesting differences in dark respiration and photorespiration rates between treatments must be noted. In the case of dark respiration, whereas its rate decreases linearly with g s in droughted plants, it tended to increase in those inoculated with the pathogen (Fig. 1b ).
This suggests a direct effect of the fungus on mitochondrial metabolism, not related to water stress, which may have implications in other metabolic reactions different from photosynthesis itself. With respect to photorespiration, at similar g s , +V plants showed higher R L values compared to D plants (Fig. 1d) . This was due in part to a larger depression of ETR under drought conditions than under Verticillium infection (Fig. 2b) , as well as to a larger reduction in mesophyll conductance (g m ) in + V than in D plants, which led to lower chloroplast CO 2 concentration (C c ) in Verticillium wilted plants. Mesophyll conductance, estimated according to Harley et al. (1992) Our results may indicate that the pathogen decreased mesophyll conductance, and that the decline was more pronounced than that produced by soil drought, which could be related to the different velocity at which each stress was induced. Verticillium drastically reduced stomatal conductance, acting like an acute stress. By contrast, soil drought led to a more progressive reduction in g s , which may have allowed an acclimation of g m in these plants, thus maintaining higher C c values and lower R L rates. Similarly, Gallé et al. (2009) reported that, after an initial decline of g m , it increased again during a period of acclimation to drought in some Nicotiana sylvestris plants.
Under stress conditions, the light that is in excess of what can be used in photosynthesis increases, resulting in photoinhibition and/or photoprotection (Morales et al., 2006) . With respect to photoinhibition, the large decreases in photosynthesis observed in both diseased and droughted plants were not associated with great changes in the maximum potential PSII efficiency (F v /F m ) (values found were always above 0.7), which reveals the absence of permanent photoinhibition and the subsequent photodamage (Fig. 3a, b) . These results are in agreement with those from previous studies, in which there was no evidence for major sustained photodamage in plants suffering water deficit of biotic or abiotic origin (Cornic et al., 1987; Genty et al., 1987; Lorenzini et al., 1997; Pomar et al,. 2004; Souza et al., 2004; Morales et al., 2006) . Plants can avoid photoinhibition by either decreasing the absorption of light and/or increasing the dissipation of excess absorbed light through photochemical (photorespiration and the Mehler reaction) and non-photochemical (thermal dissipation by PSII antenna) mechanisms (Björkman and Demmig-Adams 1994) . In the present study, the decline in ETR of diseased and droughted plants was less pronounced than that observed for net photosynthesis (Fig. 1c, d) , which led to a sharp increase in the ratio ETR/A (Fig. 2c, d ). However, infected and droughted plants compensated for the decrease in photosynthesis, maintaining dark and, especially, light respiration processes (Fig. 1a-d) , which consume electrons generated in the photosynthetic electron transport chain (Fig. 1g, h) . Consequently, the ratio of electrons generated to electrons consumed (ETR/A+ R D +R L ) only increased from ca. 6-7 to 9-10 (Fig. 3g, h ), which can be considered negligible from a physiological point of view (Morales et al., 2006) . Our data indicate that there was not an excess of electrons available to react with oxygen in the Mehler reaction, generating reactive oxygen species (ROS) and oxidative damage to biomolecules, in any of the treatments assayed. In fact, loss of chlorophylls, one of the main targets of ROS in plants, was not observed in inoculated plants or in plants subjected to drought, which corroborates the absence of oxidative stress (Fig. 4) .
The intrinsic efficiency of PSII (F exc. ) has been associated with increases in energy dissipation in the PSII antenna (Demmig- Adams et al., 1995; Verhoeven et al., 1997) . Demmig-Adams et al. (1996) proposed that the fraction of light absorbed in PSII antenna that is dissipated thermally can be estimated from 1 ÀF exc . In the present study, soil drought led to a reduction in F exc. at very low values of RWC and g s (below 50% and 20 mmol H 2 O m À 2 s À 1 , respectively) (Fig. 3c, d) , which may indicate an increase in the proportion of light dissipated thermally in this treatment. F exc.
has been correlated with the conversion state of the xanthophyll cycle, which consists of the de-epoxidation of V to A and Z, and requires the presence of a trans-thylakoid pH gradient (DpH) in the chloroplast (Demmig- Adams et al., 1996) . Plants subjected to soil water deficit showed a strong rise in Z+ A concentration (Fig. 5e, f) (partially attributed to de novo synthesis, as indicates the increased size of xanthophylls pool, see Fig. 5a, b) , and, in turn, in the de-epoxidation state of xanthophyll cycle (Fig. 5c-h) , associated with the decline in F exc. . However, it must be noted that, whereas the (Z+ A)/Chl molar ratio and DPS started to increase when RWC and g s were still high (90% and 100 mmol H 2 O m À 2 s À 1 , respectively) ( Fig. 5e-h (Fig. 3e, f and Fig. 5g, h ). That is, large changes in DPS (more than 8-fold) caused little change in 1-F exc. in D plants (Fig. 6) . These results may indicate that DpH could be the major factor controlling thermal energy dissipation in these plants, as reported Morales et al. (2000) . Furthermore, several investigations have demonstrated that, in addition to the xanthophyll cycle pigments (Z and A), lutein plays a critical role in thermal dissipation of excess absorbed light energy (Niyogi et al., 1997; Pogson et al., 1998; Larbi et al., 2004) . In our case, plants subjected to drought showed a significant increase in lutein concentration (up to 25%) along the water deficit gradient, which may have also contributed, at least in part, to the thermal energy dissipation exhibited by these plants. On the other hand, Verticillium-wilted plants did not exhibit the same capability to dissipate energy as heat compared to those subjected to drought as indicates the maintained F exc. values (Fig. 3c, d ). In addition, the changes in the concentration of A, Z and lutein in infected plants were not as pronounced as in drought-stressed plants at a similar degree of water stress (Fig. 4c, d and Fig. 5e, f) . These results would reflect a differential response of the photosynthetic apparatus to the fungus infection and soil water deficit. Although the ultimate reason for this differential effect remains unclear, it may also be related to the different acclimation time observed in +V and D treatments. In addition, we cannot discard the involvement of other pathogenic mechanisms apart from water stress (toxins, enzymes and/or hormones) to explain the inhibition of these photoprotective mechanisms in Verticillium-infected pepper plants.
In summary, changes in A, Ci and ETR caused by the infection with V. dahliae clearly matched the effects of drought. Water stress appeared to be the main limitation to photosynthesis in Verticillium wilted pepper plants, due in part to stomatal closure, as well as to reduced mesophyll conductance. Nevertheless, a differential effect of the fungus, compared to soil drought, on dark respiration and photorespiration was observed. In addition, the thermal dissipation capability and the accumulation of antheraxanthin, zeaxanthin and lutein differed between Verticillium wilt and drought at low RWC and g s . It is suggested that such a differential response of pepper plants to the pathogen infection and soil drought may be associated with the different velocity at which stress was imposed under each treatment. In addition, it is possible that other pathogenic mechanisms, apart from water stress, may have a significant role in the photosynthetic response of pepper plants to V. dahliae.
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